The coherence attribute is one of the most commonly used attributes in seismic interpretation. In this paper, we propose building on the recently introduced Generalized Tensor-based Coherence (GTC) attribute to make it directionally selective. This directional selectivity is achieved by selecting a directional Gaussian preprocessing kernel and applying a 3D rotational matrix to its covariance matrix. By weighing traces, or voxels, in the analysis cube by their relative proximity to the reference trace or voxel, this approach greatly enhances the clarity of the attribute. Furthermore, by making these weights directional, the proposed attribute gives interpreters greater freedom in exploring and understanding the seismic data. Various results from the Netherlands North Sea F3 block show that this approach greatly enhances the clarity of the coherence attribute and can highlight structures that are not visible using the traditional C3, or GTC coherence.
INTRODUCTION
The coherence attribute has proven to be a very useful attribute for highlighting structural and stratigraphic discontinuities such as faults, fractures, and channels in 3D seismic volumes. The coherence attribute was first proposed by ?, and it was based on the normalized cross-correlation between each trace and its adjacent traces. ? then proposed a multi-trace semblancebased coherence algorithm that was more robust to noise and improved vertical resolution. Later, ? proposed an improved coherence algorithm, called C3 coherence, which is based on the eigenstructure of covariance matrices of windowed seismic traces. Recently, there has been renewed interest in the coherence attribute. ? proposed a computationally efficient coherence algorithm based on a normalized information divergence criterion that avoids directly calculating the eigenvalues of the covariance matrix. In addition, ? combined spectral decomposition and complex coherence computation to map discontinuities at different scales. Finally, to avoid false low-coherence values in steeply dipping structures, ? proposed a coherence algorithm that analyzes the eigenstructure of the spectral amplitudes of seismic traces.
The C3 coherence is based on the eigenstructure of the covariance matrix of the zero-mean traces in the analysis cube. In our recent work (?), we have shown that this is analogous to unfolding a 3 rd -order analysis tensor in a single mode and computing the covariance matrix of that mode. By unfolding the tensor along the two other modes, and repeating the process, then assigning each coherence attribute from each mode a different color we can significantly enhance the amount of detail that the C3 coherence can extract from seismic volumes. Using this insight, we proposed the Generalized Tensor-Based Coherence (GTC) attribute in (?). The GTC attribute can be viewed as a generalization of the C3 coherence attribute that was proposed by ?.
In this paper, we further expand on the GTC attribute we proposed earlier by enhancing its directional selectivity using a directional Gaussian preprocessing kernel, rotated to arbitrary angles using 3D rotational matrices. This enables this enhanced directional coherence attribute to be to able to highlight faults, fractures, channels, and other subsurface structures characterized by their high directionality. We show that this directional selectivity gives interpreters much more flexibility with exploring post-migration seismic data than traditional coherence attributes.
The structure of this paper is as follows: First, we introduce the GTC attribute. Then, we introduce the multivariate Gaussian kernel that is used as a preprocessing step for the GTC attribute. We then show how to make the GTC attribute directionally selective. Finally, before we conclude the paper, we show several results comparing the C3 coherence with the GTC attribute and our proposed directional coherence attribute.
GENERALIZED TENSOR-BASED COHERENCE (GTC) ALGORITHM
Given a migrated 3D seismic volume, the coherence attribute for each voxel in the volume is computed within a small 3D analysis cube of size I 1 × I 2 × I 3 . The subscripts 1,2 and 3 throughout this paper refer to the dimensions along time (or depth), inline, and crossline respectively. Each analysis cube can be represented as a 3 rd order tensor A ∈ R I 1 ×I 2 ×I 3 that we refer to as the analysis tensor. To compute the covariance matrices of this tensor, we unfold the tensor along its three modes. In general, mode-n unfolding of an N-th order tensor results in a matrix A (n) of size I n by (I 1 · · · I n−1 I n+1 · · · I N ) where the tensor element indexed by (i 1 , i 2 , · · · , i N ) now corresponds to the element (i n , j) in A (n) where
For additional details, see ?. Thus unfolding the tensor along its three modes results in three matrices: the I 1 × I 2 I 3 mode-1 matrix A (1) unfolded along the time (depth) dimension, the I 2 × I 1 I 3 mode-2 matrix A (2) unfolded along the inline dimension, and the I 3 × I 1 I 2 mode-3 matrix A (3) unfolded along the crossline dimension. The covariance matrices are then given by
where µ µ µ 1 is a row vector of length I 2 I 3 containing the means of all columns of A (1) , and 1
is a column vector of ones of length I 1 . C 2 and C 3 are also computed in a similar fashion. These covariance matrices are positive semi-definite matrices and thus all their eigenvalues are non-negative. If we denote the ranked eigenvalues of C 1 as λ λ λ (1) = {λ
}, and similarly for C 2 and C 3 , then the coherence attributes of the three different modes are given as the ratios of the largest eigenvalue of the covariance matrix to its trace. Specifically,
and
Here, E
c corresponds to the C3 coherence attribute that was proposed by ?. By combining the C3 attribute (E c ) in different color channels, we arrive at the GTC coherence attribute that was proposed by ?.
THE PREPROCESSING GAUSSIAN KERNEL
Most coherence algorithms treat all traces in an analysis tensor equally regardless of their proximity to the reference trace. This is understandable if the analysis tensor dimensions were very small. However, as the dimensions of the tensor become larger, this introduces noise to the different covariance matrices. This is the case when either or all the dimensions I 1 , I 2 , and I 3 are greater than or equal to 5.
? proposed a preprocessing step that weighs different traces by weights relative to their proximity to the reference trace and thus eliminates this problem. Given the 3D analysis tensor A, we can preprocess it by taking its element-wise product with a 3-dimensional Gaussian kernel of the same size as A. We can write the preprocessed analysis tensor as
where is the element-wise product, and G is the multivariate Gaussian kernel given by
Here, x = {z, x, y} represents the voxels in the seismic volume, µ µ µ = {z 0 , x 0 , y 0 } is the reference voxel, and Σ is the 3 × 3 covariance matrix of G. The expression in equation (7) is equivalent to a multivariate Gaussian distribution multiplied by (2π) 
MAKING THE GTC DIRECTIONALLY SELECTIVE
By selecting the values of Σ in such a way that the Gaussian kernel is not symmetric along all directions, we obtain a directionally selective kernel similar to those in figure 1.
To rotate this kernel along different directions and angles, we replace the covariance matrix Σ in equation 7 by its rotated version Σ θ , where:
Here, R is an orthogonal 3D rotational matrix. This can be either rotated along the time direction using
the inline direction using
or the crossline direction using
In equations 9, 10, and 11, θ refers to the angle of the rotation of the kernel.
RESULTS
To demonstrate the effectiveness of our approach, we apply the proposed directional attribute on the 1600ms time section of the Netherlands offshore F3 block in the North Sea provided by ?. We also apply the GTC and C3 coherence attributes for comparison. Figure 2 (a) and 2(b) shows the seismic amplitude of part of the time section, along with the computed C3 coherence. Figure 2 (c) shows the computed GTC coherence, while figures 2(d), 2(e), and 2(f) shows the proposed directional coherence for three different angles, all rotated along the time direction. It is easy to observe the higher level of detail showed by the directional coherence compared to the C3 or GTC coherence. Black arrows in figure 2 show a channel formation that wasn't visible using the other coherence attributes. Figure 3 , 4, 5 and 6 shows the seismic amplitude, the C3 coherence, the GTC coherence, and the proposed directional coherence, respectively for the entire 1600ms time section. Figure  7 shows these attributes side by side in grayscale. It is easy to see that the GTC attribute shows much more detail than the C3. Also, the proposed directional attribute highlights directional features such as faults and fractures much more clearly than the GTC attribute. This can be observed by comparing figure 7(c) to figures 7(a) and 7(b).
CONCLUSIONS
In conclusion, we have proposed a new directional coherence attribute that is an extension of the generalized tensor-based coherence attribute (GTC). We have shown that the proposed attribute can highlight subtle subsurface features such as channels, faults, and fractures that were not visible in the C3 or GTC coherence attributes. Various results from the Netherlands North Sea F3 block show the effectiveness of this attribute compared to the other methods.
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